The potential use of physiological measurements to determine cognitive workload and emotional state was poorly explored in the specifi c context of helicopter piloting. 2 Ang et al. stressed the diffi culty of estimating psychological and cognitive states based on physiological measurements, since variations in physiological signals are primarily related to changes in pilots ' physical state. 1 Th erefore, all these measurements appear to be sensitive to huge variations in psychophysiological states without being specifi c to particular psychophysiological states. Th us, using a single physiological marker cannot be suffi cient to characterize cognitive workload and the emotional state of a pilot.
Several authors suggested that a combination of several physiological markers could be used as an effi cient indicator of cognitive workload and emotional state of the pilot, 4 , 16 and recommended mission fl ight analysis combined with physiological measurement. 5 However, Philip et al. 12 established that those predictive models made in-lab are not transferable to more ecologically realistic situations. Th e latter enhance individual variability expression. Indeed, emotional state may aff ect the adaptive capacity of the participants, and thus their workload, and may also infl uence decision-making. 7 Similarly, workload and emotions induce neurovegetative and neuroendocrine interactions, resulting in sudden changes in physiological markers. 10 Correlation between psychology, physiology, and workload has been poorly explored so far in the helicopter pilot. To the best of our knowledge, no specifi c indicator linking workload to emotional state could be brought out. Th us, describing the relationships between emotional, physiological, and psychological states and workload would represent a promising way to improve aiding systems. Since we wanted to focus on a better understanding of interindividual differences, we analyzed physiological markers jointly with emotional states on a subjectby-subject basis to extract useful information about cognitive workload. Th us, the purpose of our study was to investigate the way physiological and psychological markers may refer to individual levels of workload using the paradigm of helicopter piloting in a ultra-realistic dynamic simulator used to train experienced pilots to a new model of helicopter.
METHODS

Subjects
Six trained pilots capable of handling fl ight with a 10-ton class helicopter simulator were selected and informed about the study, its design, and the advantages/disadvantages of participation. Th e study protocol was approved in advance by AixMarseille Université Ethical Committee in accordance with the declaration of Helsinki. Each subject provided written informed consent before participating.
Procedure
Th e experiment took place in the helicopter full fl ight dynamic simulator at the Helisim Corporation (Marignane, France). Th e participants had to fl y on two off shore missions, taking off from Marseille Provence airport and reaching in turn diff erent offshore platforms. Each mission lasted up to 30 min separated by 15 min. Mission 1 (M1) was the reference mission; mission 2 (M2) involved facing extreme situations (cockpit and/or system and/or engine failure, critically low fuel level, stormy weather … ) requiring high cognitive resources and adaptation capacities. For each mission, scenarios were defi ned so as to induce diff erent degrees of diffi culty and workload levels through the addition of diff erent incidents.
During the simulations, participants were asked to verbally rate their workload level every 1.5 min using a rating scale from 1 (very low) to 4 (very high). Th en, for each participant and for each mission, we calculated the time spent at each level of workload. Th ese segments were expressed as a percentage of the total duration of the mission.
Before the experiment, participants remained quiet in a dark room in order to record basal values of skin conductance (SC). Th e latter was assessed using two electrodes positioned at the extremities of the right index and auricular fi ngers. Root mean square of the electromyogram (RMS-EMG) of the right common fi nger fl exor (CFF) and both descendent trapezius muscles (DT) were calibrated with respect to their minimal and maximal values. All the signals mentioned hereaft er were acquired according to SENIAM recommendations. 18 Signal synchronization was done using Captiv Soft ware (TEA, Paris, France).
Emotional states were evaluated using the Izard diff erential emotions scale 8 divided into 3 dimensions: positive (score range from 0 to 24); neutral (from 0 to 12); and negative (from 0 to 84). We evaluated emotional state before the fl ight (Time 1), aft er M1 (Time 2), and at the end of M2 (Time 3).
RESULTS
We aimed to better understand interindividual responsiveness of physiological markers with respect to psychological individual characteristics. Th us, we could not perform a classical statistical analysis, but rather looked at specifi c patterns for each participant in light of his personal profi le. In line with this purpose, we successively present workload, and physiological and psychological results separately for each participant ( Table I , Fig. 1 ). We rather consider as strength and as proof of robustness that results are as close as possible to those which could be recorded in fl ight during real operations.
Participant 1 (P1) remained mostly at the lowest workload level during 73% of M1. He spent the rest of the mission at level 2. During M2, P1 showed the lowest workload level during 18% of the mission. He remained mostly at a low workload level, reaching level 3 during only 35% of the time. Th is participant never reached the highest workload level. SC tended to exhibit a slight decrease when perceived workload increased ( Fig. 2 ) . RMS-EMG values increased with the perceived diffi culty of the task ( Fig. 3 ). However, RMS-EMG changes remained at a low level, particularly for both trapezes muscles. P1 only felt positive emotions, with a moderate intensity, which tended to decrease. As for P1, participant 2 (P2) remained mostly at the lowest workload level during 54% of M1 and he spent the rest of the mission at level 2. During M2, this participant also returned to the lowest workload level during 19% of time. Like P1, he remained mostly at a low workload level and he reached level 3 during 40% of time. Th e highest workload level was never reached. SC values remained stable with workload level. Similarly to P1, P2 RMS-EMG values increased with the perceived diffi culty of the task. However, absolute values of RMS-EMG remained at a low level. P2 felt only positive emotions, like P1, with a low intensity (from 5 to 10), which tended to decrease.
Participant 3 (P3) remained at the lowest workload level during 38% of M1. He remained mostly at level 2. During M2, P3 was not able to return to level 1. He remained at level 2 during 13% of the mission and remained mostly at level 3 during 53% of the mission. He reached the highest workload level during 34% of the mission. SC in P3 decreased with the increase in perceived workload. CFF RMS-EMG had a tendency to increase from levels 1 to 3 and decreased from levels 3 to 4. DT RMS-EMG remained at very low level with a decrease from level 2 to 4. P3 felt positive emotions at a stable and moderate intensity. He felt neutral and negative emotions at a stable and very low intensity.
Participant 4 (P4) remained at the lowest workload level during 20.9% of M1. Like P3, P4 remained mostly at level 2. Th en he reached level 3 during 8.6% of the time. During M2, P4 was, like P3, not able to return to the minimum workload level.
He reached level 2 during 22.8% of the mission and level 3 during 33.7% of the time. P4 remained mostly at the highest workload level during 43.5% of the mission. P4, as P3, exhibited multiple variations. Indeed, SC appeared to greatly oscillate. CFF RMS-EMG increased from level 1 to 3 and then, as with P3, decreased from levels 3 to 4. Right DT RMS-EMG slightly decreased from level 1 to 4 while left DT RMS-EMG remained at a very low level, indicating a possible disengagement of this particular muscle. P4 felt positive emotions at a stable but high intensity. He felt neutral emotions at a low intensity, which tended to increase at Time 3. Like P3, he felt negative emotions at a stable and very low intensity.
Participant 5 (P5) remained at the lowest workload level during 28% of M1. Like P3 and P4, P5 remained mostly at a level 2. Th en, like P4, he reached level 3 during 19% of the time. During M2, P5 returned to the lowest workload level during 15.8% of the mission. He remained mostly at level 2 during 45.6% of the time. He reached level 3 during a third of the time and the highest workload level during 9% of the mission. Sometimes this participant did not respond to the verbal workload level request. P5 exhibited a profi le similar to P4. Indeed, SC decreased from levels 1 to 3 and then increased from levels 3 to 4. CFF RMS-EMG increased from level 1 to 3 and then decreased from levels 3 to 4. Right DT RMS-EMG decreased from level 1 to 3 and then slightly increased from levels 3 to 4. Left DT RMS EMG remained at a very low level, as for P4. P5 felt positive emotions with a high intensity, but these emotions tended to decrease at Time 3. He felt neutral and negative emotion at a variable and moderate intensity. Th e neutral dimension tended to increase at Time 2 and the negative dimension tended to decrease at Time 2 and to increase at Time 3.
Participant 6 (P6) remained at the lowest workload level during 35.5% of M1. Like P3, P4, and P5, P6 remained mostly 
DISCUSSION
Many systems have been designed in order to prevent cognitive overload during real fl ights, either by helping the decisionmaking process or by automatizing tasks. However, these processes can be sources of risk by themselves, resulting in cognitive overload or in a lack of vigilance, which could be considered an emotional risk of misbehavior. 15 Secondly, these systems are mainly generic despite the fact that interindividual differences may exist at the physiological and psychological levels. For these reasons, this study aimed at individually exploring the evolution of workload induced by the multitask activity required in helicopter piloting in relation to emotional state and physiological markers. In our experiment, combined analysis of physiological and psychological markers related to workload provided a more precise analysis of helicopter pilots ' adaptive abilities during missions.
Low changes in physiological data combined with positive emotions felt at low intensity and at a low level of perceived workload suggest that P1 and P2 were able to adjust their motor behavior to the level of diffi culty, keeping self-control and capacity to handle stress induced by the task, hence making appropriate decisions. Th ese psychological and physiological considerations establish that these two participants remained analytical and were not, or very little, emotionally aff ected during the fl ight. Indeed, P1 exhibited a cold but precise analysis of the situation whatever the diffi culty and was never overwhelmed or in a state of difficulty. He remained calm and always selected the adapted solution to the diff erent problems. P2 exhibited a behavior similar to P1. In addition, he always justifi ed his decisions and his workload self-evaluations, demonstrating his ability to take a global view of situations. Physiological and psychological data suggest that P3 and P4 were overwhelmed by high levels of diffi culty and were unable to continue the mission. It is not surprising since fl ying a helicopter requires great coordination due to the simultaneous application of forces to the cyclic, collective, and pedal controls. 3 Consequently, we can consider that P3 and P4 felt more than they analyzed, contrary to P1 and P2. Indeed, during the fi rst mission, P3 crashed the helicopter several times before successfully landing. During the second mission, distance between the helicopter and the platform pylon was underestimated, resulting in collision. He was unable to focus on all details and did not detect a low level of fuel. Despite apparent It is noteworthy to indicate that physiological analyses confi rmed P5 and P6 status as similar to P3 and P4 while psychological analysis suggested that P6 followed the profi le of P1 and P2, contrary to P5. Interestingly, contrast of the psychological to physiological analyses suggested that P5 and P6 did not have the adaptive capability to manage a situation and the associated workload with information fl ow. Clearly, these pilots were able to face and handle the fl ight until a given threshold of workload was reached. Indeed, the higher the cognitive eff ort, the lower the performance and the higher the risk for the pilot. Moreover, when the cognitive cost required by the task became too high and exceeded the participant ' s capacity, " cognitive presence " seemed to disappear and the participant " let go. " 6 In other words, the participant might become overwhelmed by the task or the situation and no longer be able to control or organize his actions in order to adapt and face the situation. Th is is confi rmed by the observed behavior of these two participants. P5 explained that he was able to analyze security problems by compartmentalizing and prioritizing the diff erent information. However, as the difficulty increased, he could no longer cope with the situation and was overwhelmed. As a consequence, he showed diffi culties in performing and managing multiple tasks and information that resulted in a crash. P6, despite a lack of knowledge about this 10-ton class helicopter specifi city, took off and fl ew successfully, showing his piloting abilities. He successfully managed diff erent information as far as low levels of diffi culty. With the increase of diffi culty and failures, he became unable to handle simultaneous visual and instrumental fl ight. At the end of the second mission, he was overwhelmed and he did not realize that he rotated several times around the landing target. At the end of the experiment, he expressed total exhaustion. Taken together, P5 and P6 had knowledge and some expertise in piloting, so that they at fi rst seemed able to handle the mission. However, they were quickly overwhelmed by the task diffi culty.
Noticeably, our scenarios were specifi cally designed to induce the highest levels of workload, including rare and dramatic events, probably leading to overwhelming situations. Overall, our results suggest that high variability of physiological values is associated to more emotional than analytical management of a situation. Consequently, a risk of overload and of wrong decision making during a fl ight mission could occur. Complementarily, when slight changes in physiological values were concomitant to slight changes in emotional state, these pilots remained analytical all through the fl ight. Even if these results should be explored in a larger population to be refi ned, they have the merit to question through physiological measurements whether pilots are able or not to make the right decision at the right time. Even if helicopter pilots have to handle multitasking activity in a limited amount of time, the question still remains as to whether the impairment of pilots' psychophysiological state reduces piloting performance or not. 17 Indeed, according to Sarter et al., 15 a pilot could have inappropriate reactions following blindly automated procedures displayed on their multifunction screens because of a lack of analysis of the situation and of a too high a level of faith in the automated process. Further studies will be necessary to assess the level of changes in physiological markers which characterizes a nonoptimal emotional state for the pilot to handle his/her workload.
In summary, individualized joint analysis of psychological parameters and physiological parameters associated with workload estimates reveals particular dynamics, allowing us to describe three profi les. 1) Expert pilots who demonstrated a slight increase of measured physiological parameters associated with the increase of diffi culty level. Workload estimates, however, never reached the highest level and emotional state for this profi le only referred to positive emotions, with a low emotional intensity. 2) Non-Expert pilots demonstrated increasing physiological values as the perceived workload increased. However, their emotional state referred to both positive and negative emotions, with a greater variability in emotional intensity. 3) Intermediate pilots were close to Expert pilots regarding emotional states and close to Non-Expert pilots regarding physiological patterns. Overall, these fi ndings emphasize the impossibility of establishing an accurate prediction of cognitive workload without taking into account individual specifi cities and crossed analyses of multiple psychophysiological data. In line with these observations, it appears that the development of a generic crew assistant for helicopter pilots, based on a few physiological or psychological measures, remains rather a utopia at this stage.
